Ammonium assimilation takes place in cyanobacteria mainly by the sequential action of glutamine synthetase (GS) and glutamate synthase (25) . GS in cyanobacteria is similar to the classical prokaryotic GS type I (GSI) that has been widely studied in enterobacteria and whose structure and regulation are well known (22, 46) . Thus, cyanobacterial GS is composed of 12 identical subunits (Mr, about 50,000) arranged in two superimposed hexagonal rings (29, 32) . In contrast to the enterobacterial enzyme, cyanobacterial GS is not regulated by adenylylation in response to the nitrogen source (16, 26, 27) . However, in Synechocystis sp. strain PCC 6803, short-term inactivation of GSI promoted by ammonium has been reported. This inactivation seems to involve a phosphorylated compound (26, 27) . In the N2-fixing, filamentous species Anabaena sp. strain PCC 7120 and in the unicellular species Agmenellum quadruplicatum (Synechococcus sp. strain PCC 7002), control of GS synthesis by the nitrogen source has been shown (31, 44, 45) .
The gene that encodes the classical dodecameric GS (glnA) has been cloned from several cyanobacteria, such asAnabaena, Synechocystis, Calothrix, and Agmenellum spp. (13, 16, 28, 45) . The amino acid sequences deduced from the Anabaena and Agmenellum glnA genes (44, 45) show about 50% identity with the enterobacterial gene, and both are able to complement an Escherichia coli glnA mutant (16, 45) .
The existence of more than one type of GS in prokaryotes seemed to be restricted to members of the family Rhizobiaceae, including the genera Rhizobium, Bradyrhizobium, and Agrobacterium, and to the genus Streptomyces, with two different types: one corresponding to the classical prokaryotic structure, GSI (dodecameric), and the other related to eukaryotic GS (GSII) (octameric) (3, 6, 10, 37) . Recently, a third GS homologous to * Corresponding author. Fax: 34-5-462-0154. prokaryotic GSI has been reported in Rhizobium spp. (9, 10, 14, 40) .
Besides that, Bacteroides fragilis and Butyrivibrio fibrisolvens, two members of the family Bacteroidaceae which are obligate anaerobic bacteria that live in mammal intestines, contain a GS that differs markedly from all of the GSs previously described in subunit size (Mr, 75,000), structure (hexameric), and amino acid sequence (19, 20, 43) .
It has been recently shown that a ginA mutant of the cyanobacterium Agmenellum quadruplicatum was able to grow in the absence of glutamine, indicating that the ginA gene is nonessential for ammonium assimilation and suggesting that another enzyme is responsible for the glutamine synthesis (45) .
Here we describe the molecular cloning, sequence, and expression of a novel GS gene (glnN) 
MATERIALS AND METHODS
Bacterial strains and growth conditions. Synechocystis sp. strain PCC 6803 and its mutants were grown at 30°C with shaking in BG11 medium (36) . Alternatively, cultures were bubbled with 1.5% (voIvol) CO2 in air. When ammonium was used as the nitrogen source, nitrate was replaced by 10 mM NH4Cl and the medium was buffered with 20 mM N-tris(hy-droxymethyl)methyl-2-aminoethanesulfonic acid (TES) buffer. For (38) . DNA fragments were purified from agarose gels with the GeneClean kit (Bio 101, Inc). Total DNA from cyanobacteria was isolated as previously described (5) . For Southern hybridizations, DNA was digested and fragments were electrophoresed in 0.7% agarose gels in a Tris-borate-EDTA buffer system (38) . Transfer of DNA to nylon Z-Probe membranes (Bio-Rad) and Southern blot hybridizations were performed as previously described (2 was partially digested with Sau3AI and fractionated by centrifugation through a sucrose gradient (38) . The fractions containing fragments of 4 to 6 kbp were pooled and ligated to BamHI-digested and dephosphorylated plasmid pBluescript II SK(+). The ligation mixture was used to transform E. coli MC 1061. About 6,500 independent colonies containing recombinant clones were obtained.
Insertional mutagenesis of ginA and gInN Synechocystis genes. A 3-kb glnA-containing ApaI-XbaI fragment from pAMi (28) was cloned in plasmid pBluescript II SK(+) to generate pJCR3. For mutation of gene glnA, a 340-bp internal EcoRI fragment of glnA was replaced by a 1.3-kb fragment containing a kanamycin resistance gene from TnS (12) . The new plasmids were called pJCR5.3(+) and pJCR5.3(-), depending on the antibiotic resistance cassette orientation. Both plasmids were used to transform the Synechocystis wild type (WT) as previously described (7) . Plasmids for glnN mutagenesis were constructed by replacement of a 666-bp internal EcoRI fragment of glnN by the 1.3-kb kanamycin resistance (Kmr) cassette or by a 1.9-kb chloramphenicol resistance cassette (12) , in both orientations, producing pGS2.2(+) and pGS2.2(-) or pGS2.3(+) and pGS2.3(-), respectively. All plasmids were also used for Synechocystis transformation.
DNA sequence determination and analysis. Nested deletions of relevant plasmids were performed by using a doublestranded Nested Deletion Kit from Pharmacia. The complete sequence of both strands was determined by the dideoxy-chain termination method (39) Fig. 5A ). The resulting plasmids, pJCR15(+) and pJCR15(-), were used to transform Synechocystis sp. strain SFC,Q5 harboring plasmid pFCQ5, which is homologous to the incoming vector; this allowed rescue of the incoming vector by homologous recombination with the resident plasmid (15) . To check the transformation product, plasmid DNA from Synechocystis transformants was isolated as previously described (7) and analyzed by restriction pattern.
CAT activity was assayed in vitro at 37°C by the colorimetric procedure (41) . CAT specific activity is reported as the number of micromoles of chloramphenicol acetylated per minute per milligram of protein.
Strains SFF16, which contains a promoterless cat gene, and SFC57, which contains the cat gene under the control of its own promoter, were used as controls.
GS assay and analytical methods. GS biosynthetic activity was determined in situ from the rate of glutamine formation. In strain SJCR3, GS activity was not detectable by the standard assay previously described for Synechocystis sp. strain PCC 6803 GS (26) . However, we found appreciable GS-biosynthetic activity when the following reaction mixture was used: 50 mM Tris-HCI (pH 9)-6 mM ATP-5 mM NH4Cl-50 mM L-glutamate-50 mM MgCl2-0.025% (wt/vol) mixed alkyltrimethylammonium bromide (MTA). To 1 ml of the reaction mixture, 50
,ul of a cell suspension in 50 mM Tris-HCI (pH 9) was added.
The reaction was started by addition of ATP and continued at 30°C for 15 min. Glutamine was determined by reverse-phase high-performance liquid chromatography as described previously (24) . This assay was also used for the WT and SJCR6 strains of Synechocystis sp. strain PCC 6803. One unit of GS activity corresponds to the amount of enzyme that catalyzes the synthesis of 1 ,urmol of glutamine per min. Chlorophyll was measured in methanolic extracts (21) . Protein in whole cells was determined by a modified Lowry procedure (23) with ovalbumin as the standard. Protein in cell extracts was determined by the method of Bradford (4) with ovalbumin as the standard.
Nucleotide sequence accession number. The EMBL and GenBank accession number for the sequence described here is X76719. ( Fig. 1A ). This plasmid was used for Synechocystis WT transformation. Kanamycin-resistant transformants were obtained with similar frequencies in BG11 medium containing nitrate as the nitrogen source and in the same medium supplemented with 0.5 mM glutamine. However, no transformants were obtained when ammonium was used instead of nitrate as the nitrogen source, with or without glutamine. After several segregation rounds, mutants were not glutamine auxotrophic despite being homozygous for the interrupted glnA gene. Southern blot analysis was used to confirm the absence of the a Synechocystis sp. strain 6803 cells were grown in BG1 1 medium with nitrate or ammonium as the nitrogen source. Cultures were bubbled with 1.5% (vol/vol) CO2 in air. Cells were collected for a GS assay at the end of the exponential growth phase and contained approximately 10 p.g of chlorophyll per ml. The data shown are means of three independent experiments ± the standard errors.
RESULTS

Insertional
b GS activity is expressed as nanomoles of glutamine formed per milligram of protein in the biosynthetic assay carried out as described in Materials and Methods.
c For nitrogen starvation, cells grown in BG11 medium with nitrate as the nitrogen source were harvested at the end of the exponential growth phase, washed, and transferred to BG1 1 medium lacking a nitrogen source for 20 h.
d Because of the absence of growth of SJCR3 in the presence of ammonium, GS activity was measured 20 h after the cells were transferred from nitratecontaining medium to ammonium-containing medium.
e ND, not detected.
uninterrupted wild-type copies of ginA in genomic DNA (Fig.  1C ). Preliminary characterization of SJCR3 indicated that it was able to grow without glutamine in the medium and exhibited very low, but detectable, levels of GS-biosynthetic activity (Table 1 ). This result strongly suggested the existence of a second gene that encodes a GS in Synechocystis sp. strain PCC 6803. Cloning and sequence of the glnN gene. To identify and clone the gene that codes for this second GS, we tried to complement an E. coli glnA mutant (ET 6017; unable to grow on minimal medium in the absence of glutamine) with a gene library from Synechocystis sp. strain PCC 6803. After transformation of E. coli ET 6017, one colony able to grow in minimal medium and harboring a plasmid (pBE2) which again complemented the E. coli mutant was isolated. The E. coli clone showed appreciable GS activity. pBE2 was analyzed with restriction enzymes and showed a 4.5-kb Synechocystis DNA insert with a restriction map different from that of the known glnA region of Synechocystis strains ( Fig. 1A and B) . A 2.85-kb fragment able to complement the E. coli glnA mutant was subcloned from pBE2 into plasmid pBluescript II SK(+), and both strands were sequenced. Only a 2,172-bp open reading frame that encodes a 724-amino-acid protein was found (Fig.  2) . The new GS gene was designed glnN.
The fact that in the original plasmid, pBE2, gene glnN was placed in the opposite direction with respect to the lacZ promoter from the pBluescript II SK(+) vector suggested that the glnN gene is transcribed from its own promoter in E. coli ET 6017. Sequence analysis of the gInN gene. Comparison of the deduced amino acid sequence of the glnN gene with the available data bases by using the FASTA program revealed that glnN is homologous to the glnA genes of B. fragilis (44% identity) and B. fibrisolvens (41% identity) (Fig. 3) but has no significant homology (less than 20% identity) with any other GS sequence from prokaryotic or eukaryotic organisms. The amino acid sequence homology between prokaryotic and eukaryotic enzyme subunits GSI and GSII, respectively, is approximately 15% (35); however, it is possible to identify five regions conserved in both GS types (34) . Figure 4 shows an alignment of the five corresponding regions of the glnN protein product from Synechocystis sp. strain PCC 6803, GSs from B. (Fig. 1B) . Kanamycin (Fig. 1D) ammonium-mediated regulation of GSI activity previously described (Table 1) (27) ; however, the increase of GS activity in nitrogen-starved cells was significantly smaller in the glnN mutant strain than in the WT (Table 1) , supporting the view that under nitrogen stress, about 20% of the total GS activity of the Synechocystis WT corresponds to the GS encoded by glnN.
Regulation of glnN gene expression. To determine the level at which glnN product regulation occurs, we subcloned the 5'-upstream region of glnN in pFF11, a promoter-probe plasmid based on the cat reporter gene and constructed for testing of promoters in Synechocystis sp. strain PCC 6803 (15) . A 700-bp HindIlI-AvaII fragment upstream of the glnN gene (Fig. 5A ) was cloned in pFF1 1 in both orientations. The resulting plasmids [pJCR15(+) and pJCR15( -)] were used to transform the SFCfQ5 strain, generating strains SJCR15(+) and SJCR15(-), which were chloramphenicol sensitive (Cms) in medium with nitrate or ammonium as the nitrogen source. The CAT activity levels of both strains grown either in nitrate or in ammonium-containing medium or after 20 h of nitrogen starvation were determined. As shown in Fig. 5B , significant levels of CAT activity were detected only after 20 h of nitrogen starvation in strain SJCR15(+). The CAT activity levels of strains SFC57 (Cmr) and SFF16 (Cm') were not affected by the nitrogen conditions. These data suggest that transcription of the glnN gene is strongly activated under nitrogen starvation, even in the WT strain.
Levels of glnN mRNA were determined by Northern blot analysis. Total RNA was extracted from mid-exponentialphase WT (Fig. 7) . A strong signal was also observed with DNA from the section III (36) filamentous cyanobacterium Pseudoanabaena sp. strain PCC 6903 (Fig. 7) devoted to determine the effect of nutritional conditions on the regulation of expression and activity of GS (16, 26, 31, 44, 45) .
In a previous work, we have reported the inactivation of the glnA gene in Synechocystis sp. strain PCC 6803 which contained, integrated into the chromosome, the Anabaena sp. strain PCC 7120 glnA gene (28 (19, 43) . In fact, it is now possible to define a third family of GSs in bacteria (GSIII) which is not restricted to a single taxonomic group.
The structure of the GS from Salmonella typhimurium has been extensively characterized (1, 46) , and five 1-sheets involved in the GS active site and conserved between eukaryotic and prokaryotic GSs have been defined. All of these regions are found in the second Synechocystis GS and in B. fragilis GS, but only three of them (regions II, III, and IV) could be clearly identified in B. fibrisolvens GS (Fig. 4) . In total, 17 amino acid positions remain unchanged in all of the 14 sequences analyzed; 16 of them are located in the five conserved regions, and 1 is Asp-233 (of E. coli sequence), which is located between regions II and III. Region I of Synechocystis GSIII contains the amino acid sequence DGSS, which is conserved in all of the sequences except that of the B. fragilis GS, where it is replaced by DASS, and in that of B. fibrisolvens (WWSS). Regions II and V are related, with two Mn2+ cations associated at each active site. Glutamic acid residues present in these two regions of all of the GSs have been recognized as ligands to Mn2+ ions. In region III, the putative ATP-binding site, seven residues are identical in GSI and GSII and are also identical in GSIII. Region IV, considered the glutamate-binding site, is characterized by the sequence NR---(I/V)R(I/V). In GSIII, the second Arg residue is absent and Ile or Val is replaced by Phe.
The molecular mass of Synechocystis GSIII, as deduced from the predicted amino acid sequence, is similar to that of the B. fragilis GS, about 75 kDa (43) , and very different from those of GSI and GSII, about 50 and 40 kDa, respectively. Assuming that the data reported for the purified B. fragilis GS are correct, native Synechocystis GSIII may be composed of six identical subunits arranged in an hexameric structure. In this regard, work is now in progress to purify GSIII overexpressed in E. coli ET 6017 to determine the physicochemical and kinetic properties of this novel GS. Function of the gInN gene. Data shown in Table 1 indicate that Synechocystis GSIII is not essential for nitrogen assimilation in the WT strain. In fact, the growth rates of glnN mutants were not affected. However, attempts to obtain a double mutant affected in both GS genes have been unsuccessful.
GSIII activity was drastically affected by nitrogen availability; thus, the GS activity of strain SJCR3 increased dramatically in nitrogen-free medium, with ammonium acting as a repressor. In this regard, data obtained with the WT strain by cat transcriptional fusions or Northern blot analysis ( Fig. 5 and 6 ) suggest that regulation occurs mainly at the transcriptional level. In addition, comparison of the GS activities from the Synechocystis WT and the glnN mutant indicates that, in the absence of nitrogen, the increase in GS activity is partially (about 20%), due to GSIII, suggesting that under nitrogen stress all possible ways to capture ammonium are triggered. The fact that sequences homologous to glnN have been identified in different groups of cyanobacteria which are unable to fix dinitrogen but not in nitrogen fixers, together with the pattern of activity regulation, suggests that possession of GSIII gives a selective advantage, when a combined nitrogen source is not present, to cyanobacteria that are unable to fix dinitrogen.
Horizontal transference from plants has been proposed to explain the presence of GSII in bacteria (6, 42) . In the same way, horizontal transference has been suggested to explain why in a GS phylogenetic tree Sulfolobus solfataricus GS is placed with the gram-negative bacteria while GS from another archaebacterium, Methanococcus voltae, is found with the grampositive bacteria (42) 
